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Nonenzymatic glycation of proteins, leading to chemi-
cal modiﬁcation and cross-linking are of importance in the
pathologyofdiabeticcomplications.Westudiedtheeffectof
α-lipoic acid (LA) on the content and characteristics of the
protein collagen from skin of high-fructose fed rats. The
rats were divided into 4 groups of 6 each. Two groups of
rats were fed with a high fructose diet (60 g/100 g diet) and
administered either LA (35 mg/kg b.w., i.p) (FRU+LA) or
0.2mlvehicle(saline)(FRU)for45days.Theother2groups
were fed with control diet containing starch (60 g/100 g
diet) and administered either saline (CON) or lipoic acid
(CON+LA).Theratsweremaintainedfor45daysandthen
sacriﬁced. Plasma glucose, insulin, fructosamine, protein
glycation, and blood glycated hemoglobin (HbA1C) were
measured. Collagen was isolated from skin and the physic-
ochemical properties of collagen were studied. Fructose ad-
ministration caused accumulation of collagen in skin. Ex-
tensive cross-linking was evidenced by enhanced glycation
and AGE-linked ﬂuorescence. Increased peroxidation and
changes in physicochemical properties such as shrinkage
temperature, aldehyde content, solubililty pattern, suscep-
tibility to denaturing agents were observed in fructose-fed
rats. SDS gel pattern of collagen from these rats showed
elevated β component of type I collagen. These changes
were alleviated by the simultaneous administration of LA.
Administration of LA to fructose-fed rats had a positive
inﬂuence on both quantitative and qualitative properties
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of collagen. The results suggest a mechanism for the ability
of LA to delay diabetic complications.
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INTRODUCTION
Collagens form the major structural proteins of all connec-
tive tissues and the interstitial tissue of all parenchymal organs
and contribute to the stability and structural integrity of tissues
and organs. Collagens are centrally involved in the formation
of the ﬁbrillar and microﬁbrillar network of the extracellular
matrix and basement membranes [1]. Among the 20 different
collagens so far identiﬁed, type I collagen is the most abun-
dant collagen which forms more than 90% of the organic mass
of bone and is the major collagen of tendons, skin, ligaments,
cornea, and many interstitial connective tissues [2].
Glycation (Maillard reaction) is a nonenzymatic binding
reaction between proteins and glucose that leads to the for-
mation of advanced glycation end products (AGE). Glycation
could cause changes in the structural and functional properties
of proteins and are of importance in the etiology of secondary
complications in diabetes [3]. Collagen is a protein with slow
turnover rate that contains several basic amino acids with free
amino groups and is a strong candidate for extensive modiﬁca-
tion by glycation [4]. AGEs have been shown to be associated
with structural alterations in collagen by forming cross-links
between collagen ﬁbers and this creates an increase in mechan-
ical stiffness [5] and a decrease in susceptibility to enzymatic
digestion [6]. The diabetes-associated changes in collagen
function have been documented to be a biochemical link
between persistent hyperglycemia and diabetic microvascular
disease [7].
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α-Lipoicacid(LA)(1,2,dithiolane-3-pentanoicacid),anat-
ural cofactor of mitochondrial dehydrogenases complexes, is
ap hysiological constituent of mitochondrial membranes and
an endogenous antioxidant. Four distinct antioxidant actions of
LAhavebeenobservedincludingreactiveoxygenspeciesscav-
engingactivity,capacitytoregenerateendogenousantioxidants
such as glutathione, vitamins C and E, metal chelating activity,
and repair of oxidized proteins [8, 9].
Dietary fructose has adverse effects on carbohydrate
metabolism [10]. Fructose-rich diet induces insulin resistance,
hyperinsulinemia, glucose intolerance, hypertriglyceridemia
and hypertension in rats. Fructose feeding is frequently used
as an animal model for insulin resistance. Fructose feeding has
beenshowntocauseglycationandcrosslinkingofskincollagen
in rats [10].
PositiveinﬂuenceofLAhasbeenobservedinstudiesinvolv-
inghighcarbohydratefeeding.LAwasfoundtopreventtherise
in blood pressure and to improve insulin sensitivity in chronic
glucose-fed [11] and fructose-fed rats [12]. However, no ex-
perimental data are available on the effect of LA on collagen
structure and properties. The present study explores whether
LAadministrationwouldpreventcollagenaccumulationinskin
and would improve variables such as solubility, shrinkage tem-
perature, glycation and ﬂuorescence in high fructose-fed rats.
MATERIALS AND METHODS
MaleWistarratsofbodyweightsof150–170gwereobtained
fromtheCentralAnimalHouseofRajahMuthiahMedicalCol-
lege,AnnamalaiUniversity.Theywerehousedtwopercageun-
der 12 hr- light and 12 hr- dark cycle. The rats were fed during
the acclimatization period of 10 days with a standard pellet diet
(KarnatakaStateAgroCorporationPrivateLtd.,Agro,feedsdi-
vision,Bangalore,India).Theanimalsusedinthepresentstudy
were cared for in accordance with the principles and guidelines
of the Institutional Animal Ethics Committee, Rajah Muthiah
Medical College, Annamalai University, Annamalai Nagar.
Animals and Treatment
The animals were divided into 4 groups of 6 rats each.
Group 1: (CON): received control diet and water ad li-
bitum. 0.2 ml of vehicle (saline) was
given intraperitoneally daily.
Group 2: (FRU): received fructose-enriched diet and
water ad libitum. 0.2 ml of vehicle
(saline) was given intraperitoneally
daily.
Group 3: (FRU+LA): received fructose diet and adminis-
tered with lipoic acid (35 mg/kg b.w)
dissolved in saline by intraperitoneal
injection once daily.
Group 4: (CON+LA): received the control diet and were
given lipoic acid (35 mg/kg b.w)
in saline by intraperitoneal injection
once daily.
The compositions of control and fructose diets are given
in Table 1. The diets were prepared fresh daily. The animals
were maintained in their respective groups for 45 days. Body
weightchangesweremeasuredweekly.Attheendoftheexper-
imental period the rats were sacriﬁced by cervical decapitation
and blood was collected and processed for plasma separation.
Skin was dissected from the dorsal side of the abdomen and re-
moved of hairs. Glucose [13], fructosamine [14], and glycated
protein levels [15] were measured in plasma, while glycated
hemoglobin (HbA1C) was measured in blood [15]. Plasma in-
sulinwasestimatedbythemicroparticleenzymeimmunoassay
method, using a reagent kit (Boehringer Manheim, Germany).
Aweighedamountoffreshskintissue(5g)wasdefattedwith
achloroform:methanol(CM,2:1)mixtureandlyophilized.The
lyophilized sample was hydrolysed with6NH C lfor 18 h at
110◦C. After hydrolysis the digested sample was evaporated
to dryness, dissolved in water and hydroxyproline content was
measured[16].Totalcollagencontentwasdeterminedbymulti-
plying the hydroxyproline content determined by a factor 7.46.
The extent of glycation was determined by the method of Rao
and Pattabiraman [15] using concentrated sulphuric acid and
80% phenol.
TABLE 1
Composition of diet (g/100g)
Ingredients Control diet High fructose diet
Corn starch 60 —
Fructose — 60
Casein (fat free) 20 20
Methionine 0.7 0.7
Groundnut oil 5 5
Wheat bran 10.6 10.6
Salt mixture∗ 3.5 3.5
Vitamin mixture∗∗ 0.2 0.2
∗The composition of mineral mix (g/Kg) - MgSO4.7H2O-
30.5; NaCl-65.2; KCl-105.7; KH2PO4-200.2; 3MgCO3,
Mg(OH)2. 3H2O-38.8;FeC6H5O7.5H2O-40.0;CaCO3-512.4;
KI-0.8; NaF-0.9; CuSO4.5H2O-1.4; MnSO4-0.4 and CONH3-
0.05.
∗∗1k go fvitamin mix contained thiamine mono nitrate, 3 g;
riboﬂavin, 3 g; pyridoxine HCl, 3.5 g; nicotinamide, 15 g;
d-calcium pantothenate, 8 g; folic acid, 1 g; d-biotin, 0.1 g;
cyanocobalamin,5mg;vitaminAacetate,0.6g;α-tocopherol
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Collagen-linked ﬂuorescence was measured by the method
of Monnier et al. [17]. About 5 g of fresh skin tissue
was minced in phosphate buffered saline (PBS, 10 mM, pH
7.4) and washed successively with CM mixture and N-2-
hydroxyethylpiperazine N-2-ethane sulphonic acid (HEPES)
buffer (0.02 M, pH7.5). The pellet was suspended in HEPES
buffercontaining120unitsoftypeVIIcollagenaseanddigested
at 37◦C for 48 h and centrifuged. The ﬂuorescence of super-
natantwasmeasuredat440nmexcitationand370nmemission.
The solubility pattern was determined by the method of
Miller and Rhodes [18]. Skin tissue (5 g) was extracted with
neutral salt solvent containing 20 mM ethylene diamine tetra
acetic acid and 2 mM N-ethyl maleimide. Extraction was re-
peatedoncemoreandthesupernatantswerepooled.Theresidue
obtained was again extracted twice with 0.5 M acetic acid. The
resultingsupernatantswerepooledandtheresidueobtainedwas
extracted with pepsin (100 mg/g wet tissue) and supernatants
were collected. Hydroxyproline assay was done in the pooled
supernatants [16].
TheprocedureofAdametal.[19]wasfollowedtoassessthe
susceptibility of insoluble collagen to denaturing agents such
as urea and potassium thiocyanate (KCNS). Insoluble collagen
was suspended in 6 M urea and 2 M KCNS separately for
24 hours and then centrifuged. The supernatants were analyzed
for hydroxyproline content.
Aldehyde content in collagen samples were analysed ac-
cording to the method of Paz et al. [20] and expressed as µmol
acetaldehyde/100 mg collagen. The level of thiobarbituric acid
reactive substances was also measured by the method of Iqbal
et al. [21]. The shrinkage temperature of collagen was deter-
mined as described by Nutting and Borasky [22].
For performing gel electrophoresis, collagen was extracted
from skin by the method of Chandrakasan et al. [23]. The skin
was dissected free, removed of hairs and washed in ice-cold
TABLE 2
Levels of glucose, insulin, fructosamine, glycated protein in plasma, glycated hemoglobin in blood
and hydroxyproline and collagen content in skin of control and experimental animals
CON FRU FRU+LA CON+LA
Glucose (mmol/L) 4.7 ± 0.5 5.4 ± 0.1∗ 4.9 ± 0.1# 4.8 ± 0.1
Insulin (µU/ml) 43.9 ± 3.3 80.9 ± 5.2∗ 46.6 ± 4.2# 43.1 ± 1.5
Fructosamine (mmol/L) 0.84 ± 0.06 1.36 ± 0.28∗ 0.93 ± 0.06# 0.86 ± 0.02
Glycated protein (µmol/L) 2.26 ± 0.21 3.44 ± 0.25∗ 2.37 ± 0.36# 2.27 ± 0.15
Glycated hemoglobin (% total Hb) 1.24 ± 0.07 3.63 ± 0.09∗ 2.01 ± 0.03# 1.25 ± 0.04
Hydroxyproline (mg/100mg tissue) 6.04 ± 0.49 7.62 ± 0.58∗ 6.47 ± 0.58# 6.41 ± 0.55
Total collagen (mg/100mg tissue) 48.61 ± 3.58 59.20 ± 2.62∗ 48.69 ± 2.96# 45.72 ± 2.75
Values are mean ± SD of 6 rats from each group.
∗Compared with CON (P < 0.05); #Compared with FRU (P < 0.05).
ANOVA followed by DMRT.
CON-control, FRU-fructose, FRU+LA-fructose+lipoic acid, CON+LA- control+lipoic acid.
PBS. The following procedure was carried out at 0◦C. About
150–200gofskintissuewasdefattedwithCMmixtureandthen
extractedwith0.5Maceticacidovernightandcentrifuged.The
supernatant was precipitated with the addition of solid sodium
chloride (NaCl) to reach a concentration of 5% (W/V and kept
overnight). The pellet obtained was suspended in 0.5 M acetic
acid containing 100 mg pepsin/g wet tissue, centrifuged and
the supernatant was precipitated with NaCl. The solution was
then centrifuged and the precipitate obtained was dissolved in
0.5 M acetic acid and dialyzed overnight against 0.02 M dis-
odium hydrogen orthophosphate for at least 5-6 changes. The
puriﬁed collagen was lyophilized and subjected to sodium do-
decyl sulphate gel (SDS) electrophoresis for quantiﬁcation of
α and β components using a 3% stacking gel and a 5% running
gel. Coomassie brilliant blue was used for staining. The gels
were scanned with a densitometer and α/β ratio of acid and
pepsin-soluble collagen was calculated.
STATISTICAL ANALYSES
Valuesareexpressedasmeans±S.D.Datawithinthegroups
were analysed using one-way analysis of variance (ANOVA)
followed by Duncan’s Multiple Range Test (DMRT). A value
of P < 0.05 was considered statistically signiﬁcant.
RESULTS
Daily food consumption was similar in the experimen-
tal groups and no signiﬁcant alterations in the weight gain
of animals were observed between the groups. (Final body
weight:CON-174.0g±5.62;FRU-178.0g±5.43;FRU+LA-
185.0 g ± 3.76; CON+LA-185.0 g ± 4.47).
Table 2 gives the levels of plasma glucose, insulin, fruc-
tosamine and glycated protein, HbA1C and the contents of
hydroxyproline and total collagen in skin of control and240 V. THIRUNAVUKKARASU ET AL.
TABLE 3
Extent of glycation and AGE formation, levels of aldehyde, lipid peroxidation, and shrinkage temperature in skin collagen
of control and experimental animals
CON FRU FRU+LA CON+LA
Glycation (µg glucose/mg collagen) 7.91 ± 1.06 14.60 ± 0.54∗ 8.67 ± 0.87# 7.96 ± 0.98
Fluorescence (AU/µmol hydroxyproline) 35.47 ± 2.23 40.40 ± 1.99∗ 39.18 ± 3.17# 35.37 ± 10.09
Aldehyde content (µmol acetaldehyde/100 mg collagen) 7.81 ± 0.88 14.93 ± 1.61∗ 9.43 ± 1.02# 8.39 ± 0.89
Lipid peroxidation (nmol/mg protein) 7.65 ± 0.58 14.77 ± 0.48∗ 8.98 ± 0.52# 8.28 ± 0.31
Shrinkage temperature (◦C) 60.69 ± 1.14 66.44 ± 1.60∗ 61.67 ± 0.69# 60.99 ± 1.36
Values are means ± SD from 6 animals in each group.
∗compared with CON, P < 0.05; #compared with FRU, P < 0.05.
ANOVA followed by DMRT.
CON-control, FRU-fructose, FRU+LA-fructose+lipoic acid, CON+LA- control+lipoic acid.
experimental animals. The levels were signiﬁcantly elevated in
fructose-fed rats as compared to control rats. Fructose-fed rats
treatedwithLAshowednear-normallevelsoftheseparameters.
Table 3 summarizes the effect of LA on the extent of glyca-
tion, AGE linked ﬂuorescence, aldehyde content, peroxidation
and shrinkage temperature in collagen obtained from skin of
controlandexperimentalrats.Theratsfedfructosedietshowed
increased levels of these parameters as compared to rats fed
control diet. LA treatment to fructose-treated rats restored the
levels to normal control values.
Table 4 shows the subunit ratio (α/β)o facid and pepsin
soluble skin collagen in control and experimental rats. Rats fed
fructose showed a signiﬁcantly decreased ratio as compared to
control rats. But fructose-fed rats treated with LA showed near
normal levels. The ratio was unaltered in control rats treated
with LA.
Figures 1 and 2 show the solubility pattern of collagen in
control and experimental animals. Rats fed fructose showed
decreased solubility of collagen in neutral salt and acid and
an increased solubility with pepsin. LA-treated fructose rats
TABLE 4
Effect of LA on the α/β ratio of acid- and pepsin-soluble collagen in skin of control and experimental animals
Acid soluble collagen Pepsin soluble collagen
(Percentage of total collagen) (Percentage of total collagen)
αβ α / β ratio αβ α / β ratio
CON 60.5 38.2 1.58 69.8 27.9 2.50
FRU 52.7 47.2 1.11∗ 62.7 37.2 1.68∗
FRU+LA 59.6 40.2 1.48# 68.9 31.8 2.17#
CON+LA 59.6 37.6 1.58 70.6 29.4 2.41
Values are means ± SD from 6 animals in each group.
∗compared with CON, P < 0.05; #compared with FRU, P < 0.05.
ANOVA followed by DMRT.
CON-control, FRU-fructose, FRU+LA-fructose+lipoic acid, CON+LA-control+lipoic acid.
showed improved solubility with neutral salt and acid as com-
pared to fructose-fed rats. Fructose rats showed poor solubility
of collagen in the presence of denaturing agents (Figure 2).
Figures 3 shows the SDS-gel pattern of acid soluble and
pepsin soluble collagen in skin of control and experimental
rats. Fructose treated rat showed increased band width of dif-
ferent subunits of type I collagen and type III collagen, while
fructose-treated LA supplemented rat showed a pattern simi-
lar to that of control rat. The lowest α/β ratio 1.11 (acid) and
1.68 (pepsin) was observed in the collagen from fructose-fed
rat while collagen from the control rat showed the highest ratio
of 1.58 and 2.50, respectively. LA treated fructose rat showed
signiﬁcantly higher values as compared to fructose-treated rat.
DISCUSSION
Fructosefeedinginducedasigniﬁcantincreaseintotalcolla-
gencontentandAGE-relatedﬂuorescenceofskincollagen.Ex-
cessive collagen can result from an imbalance between its syn-
thesis and degradation by interstitial collagenases. Long-term
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FIGURE 1
a) Neutral salt soluble collagen in skin. ∗Compared with CON (P < 0.05); #Compared with FRU (P < 0.05) (one way ANOVA
followed by DMRT). CON-control, FRU-fructose, FRU+LA-fructose+lipoic acid, CON+LA- control+lipoic acid.
b) Acid soluble collagen in skin. ∗Compared with CON (P < 0.05); #Compared with FRU (P < 0.05) (one way ANOVA
followed by DMRT). CON-control, FRU-fructose, FRU+LA-fructose+lipoic acid, CON+LA- control+lipoic acid. c) Pepsin
soluble collagen in skin. ∗Compared with CON (P < 0.05); #Compared with FRU (P < 0.05) (one way ANOVA followed by
DMRT). CON-control, FRU-fructose, FRU+LA-fructose+lipoic acid, CON+LA-control+lipoic acid.
andHbA1C,inducedskincollagencrosslinking,alteredthesol-
ubility of collagen and increased bone collagen ﬂuorescence
[10].Prolongedfructosefeedingthusacceleratesagingbycaus-
ing changes in age-related markers in collagen of skin and
bones. In the present study the rats fed fructose for 45 days
showed increased levels of glucose, insulin, fructosamine and
glycated protein in plasma, HbA1Ci nblood and collagen gly-
cation in skin.
FIGURE 2
Susceptibility of skin collagen to denaturing agents.
∗Compared with CON (P < 0.05); #Compared with FRU
(P < 0.05) (one way ANOVA followed by DMRT).
CON-control, FRU-fructose, FRU+LA-fructose+lipoic acid,
CON+LA-control+lipoic acid.
Alterationsinphysicochemicalpropertiesindicateextensive
crosslinkingandmaturationofcollageninfructose-fedrats.Ex-
cessivecovalentcrosslinksincollagenﬁbresandchangesinthe
content of imino acids such as proline and hydroxyproline can
increase the shrinkage temperature [24] and alter the solubility
pattern [25]. The percentage solubility of collagen in neutral
salt and acid were signiﬁcantly reduced, while there was an in-
crease in pepsin solubility of collagen from fructose-fed rats.
The structure and properties of collagen are modiﬁed due to
extensive crosslinking and have been reported in aging and in
various pathological conditions including diabetes [26].
A signiﬁcant increase in peroxidation in collagen samples
wereobservedinskinoffructose-fedrats.Malondialdehyde,an
end product of lipid peroxidation can react with the free amino
groups of collagen and stimulate cross-linking [27]. Previous
reports from our laboratory [28, 29] and by others [30] have
shown increased lipid peroxidation products in blood and tis-
sues indicating oxidative stress in fructose-treated rats.
The SDS gel pattern of skin collagen in our present study
conﬁrms the increase in cross-linking of collagen in fructose-
fedrats.Thebandsizeofβ-componentsofcollageninfructose-
fed rats was higher than that of control rats. The relative abun-
danceofhighmolecularweightcollagenchainsisdemonstrated
bytheratioofα toβ chains.β chainsaredimersinwhichthein-
ter chain cross links are not disulﬁde bridges [10]. Type III (α1)
fraction of collagen, which is speciﬁc for skin tissues are found
to be signiﬁcantly increased in fructose-fed rats as compared to
that of control rats [10].
LA treatment prevented fructose-induced hyperglycemia
and hyperinsulinemia and also abolished the alterations in242 V. THIRUNAVUKKARASU ET AL.
FIGURE 3
a) SDS gel pattern of acid soluble collagen from skin in normal
and experimental rats. Compared with FRU (P < 0.05) (one
way ANOVA followed by DMRT). CON-control,
FRU-fructose, FRU+LA-fructose+lipoic acid, CON+LA-
control+lipoic acid. b) SDS gel pattern of pepsin soluble
collagen from skin in normal and experimental rats. Compared
with FRU (P < 0.05) (one way ANOVA followed by DMRT).
CON-control, FRU-fructose, FRU+LA- fructose+lipoic acid,
CON+LA-control+lipoic acid.
collagen properties. Collagen from LA-administered fructose-
fed rats displayed decreased glycation, AGE formation,
aldehyde and peroxide content in skin collagen, together with
a decline in total collagen content as compared to untreated
fructose-fed rats. The solubility pattern was improved with a
relativeincreaseinneutralsaltandacidsolublecollagen.These
changes indicate the reduction in cross-linking of collagen in
LA-treated rats.
TheeffectsofLAcouldbeduetothepositiveinﬂuenceofLA
on glycemia and glucose metabolism. LA treatment improves
glucose utilisation in rat diaphragm [31]. LA has been reported
toincreaseglucoseuptakeanddisposalinmuscleisolatedfrom
Zucker diabetic rats [32].
The antioxidant function of LA could also contribute to in-
hibitionofproteinglycation,AGEformationandcross-linking.
The activity of prolyl hydroxylase an ascorbic acid-dependent
enzyme has been reported to be altered in diabetic rats [33].
This enzyme is required to maintain the normal properties of
collagen.Thisalterationismainlyduetothereductioninascor-
bic acid concentrations. In a previous study, we reported a sig-
niﬁcant decrease in ascorbic acid concentration in plasma and
tissues of fructose-fed rats and its reversal by LA at this dosage
(35 mg/kg b.w) [28, 29]. LA effectively recycles ascorbic acid,
α-tocopherolandglutathionetherebyelevatingtheirtissuelev-
els. These endogenous antioxidants inhibit protein glycation
andadvancedglycationendproductformation[34].LAinhibits
tissue lipid peroxidation in rats fed fructose [29] and protein
glycation in RBCs exposed to high concentrations of glucose
[35]. Crosslinking of corneal collagen by glucose in vitro is de-
pendent on transition metal-catalyzed oxidation of glucose or
Amadori products on collagen, requires oxygen, and involves
the formation of superoxide, hydrogen peroxide, and hydroxyl
radicals [36]. LA scavenges reactive oxygen species, chelates
metal ions and participates in the repair of oxidized proteins
[9]. We suggest that LA could prevent collagen abnormali-
ties by a combination of its effect on glucose utilization and
antioxidation.
Consumption of fructose in diet has increased in the general
population in recent years. Crystalline fructose is used exten-
sively as a sweetener in pharmaceuticals and in food industry.
High fructose sweeteners in soft drinks is estimated to account
for almost half of the total added sugars in the U.S. diet [37].
Long-term fructose consumption may provoke glycation and
collagencrosslinking[10]andhencemaycontributetodiabetic
complications.
LA administration delays the development of secondary
complications and appears to be an useful ancillary treatment
for diabetic complications [38, 39]. LA is used in Germany to
treat diabetes-related complications for over 30 years [40]. The
results of the present study provide a mechanism for LA action
in delaying diabetic complications and offer credentials for its
use in the management of diabetic disease.
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